Morphology and biometry of eggs spawned by females of Euphausia pacifica, Thysanoessa spinifera and Thysanoessa inspinata were compared with eggs collected along the Oregon coast to identify the eggs in preserved samples to species level and to infer species spawning areas and intensity of spawning events in the field. The average chorion diameter (CD) and embryo diameter (ED) were significantly larger for E. pacifica than for T. spinifera. Euphausia pacifica eggs usually have a significantly greater perivitelline space, and the chorion is firm, transparent, smooth, elastic and completely spherical, while T. spinifera embryos are not completely spherical and typically are soft and sticky with particles attached. Eggs of the twitching stage embryo of T. spinifera have an elliptical shape, while those of E. pacifica are spherical to very slightly elliptical even after hatching as nauplii. The CD and ED of T. inspinata eggs were smaller than those of the other two species and they were transparent and spherical with a non-sticky chorion. Biweekly time series of eggs (identified to species), of nauplii þ metanauplii and of ripe females collected along the Newport hydrographic line (44840 0 N) during 1970 -1972 show that E. pacifica and T. spinifera spawn mainly ,40 km from the coast from March to October, but E. pacifica also spawns regularly at oceanic locations. A meta-analysis of the egg CD and ED values of 38 euphausiid species around the world indicates that these variables alone cannot be used to identify eggs to species, excepting specific regions where one or two broadcast spawners dominate the euphausiid assemblage.
I N T RO D U C T I O N
The order Euphausiacea includes 11 genera with 86 species. Of those, 61 species from 7 genera ( 71%) have a broadcast spawning strategy (Lindley, 1997; Brinton et al., 2000) . Study of the temporal and geographical distributions of their eggs may elucidate species preferences for spawning season and location, centers of larval dispersion and clues about how embryos survive in the ocean. Recruitment and ultimately biomass production of euphausiids are strongly regulated by egg production and mortality rates of the eggs and early larval stages (Feinberg et al., 2009; Feinberg et al., in press ). Thus, if we want to identify the spawning areas and early mortality rates of a species, we must learn to identify euphausiid eggs to species level. In the order Euphausiacea, the naupliar and metanaupliar stages of 34 species have been described, as have the calyptopis and furcilia stages of 65 species (Brinton et al., 2000) . The eggs have been identified and measured in about 25 species, but in most cases only the average diameters of the embryo (ED) and the chorion (CD) are available, frequently for just a few embryonic stages (Mauchline, 1988; Brinton et al., 2000) . However, characters for identifying euphausiid eggs have not been fully established. Identification of broadcast-spawning euphausiid eggs to species, even to genus, from zooplankton samples collected in the field imposes a great challenge, particularly because they lack distinctive external structures (spines, coloration, or chorion shape and texture) such as distinguish many copepod eggs (Belmonte, 1998) .
The embryos spawned by broadcast or sac spawning euphausiids, and other holozooplanktonic crustaceans, are commonly called "eggs". Sensu stricto an egg is an unfertilized ovum. Thus, when they are fertilized the term "egg" actually refers to developing embryos within a chorion. However, we will use the term egg to be consistent with other euphausiid literature (Feinberg et al., in press ). The outer embryonic membrane that isolates the embryo from the surrounding water we term the chorion, and the space located between the chorion and the embryo is the perivitelline space (PVS) (Gómez-Gutiérrez, 2002) . Euphausiid embryos pass through six development stages: single cell (SC), multiple cell (MC), gastrula (G), early limb bud (ELB), late limb bud (LLB) and twitching (TW) stages. Details of embryonic development have been studied in Meganyctiphanes norvegica and Thysanoessa raschi (Taube, 1909 (Taube, , 1915 Sars, 1898, Alwes and Scholtz, 2004) , Euphausia superba (Marschall and Hirche, 1984; George and Strömberg, 1985 : Quetin and Ross, 1984 , Euphausia pacifica and Thysanoessa spinifera (Gómez-Gutiérrez, 2002) and Nyctiphanes simplex (Gómez-Gutiérrez and Robinson, 2005) .
The chorion and embryo diameters (EDs) vary within and among species throughout embryonic development and as a function of in situ salinity, water density and hydrostatic pressure (Marschall, 1983; Quetin and Ross, 1984; Timofeev et al., 2004) . There are also significant interannual and geographical differences in embryo sizes (Mauchline and Fisher, 1969; Mauchline, 1980; Ross and Quetin, 1982 , 2000 Timofeev, 2000; Timofeev and Sklyar, 2001; Timofeev et al., 2004) . All these factors complicate the species identification of eggs of broadcast spawning species.
Although there are several limitations, the chorion and EDs are useful variables, and sometimes they allow quantitative evaluation of the relative amount of vitellin (yolk protein) contained in the embryo and their general health, because eggs typically swell increasing their perivitelline space after they die or if they are not fertilized (Timofeev et al., 2004; Gómez-Gutiérrez et al., 2007) . Additionally, embryo size may affect development time, a so-called maternal effect (Ross, 1981) .
Embryonic development is the period of highest mortality rates of Euphausia pacifica populations (Feinberg et al., 2009) . There is a significant rate of death during hatching ( 2-5% day
21
) (Gómez-Gutiérrez, 2006) , but predation by scyphomedusae, fish and other filtering organisms is substantial ( 32%) (Suchman et al., 2008) . Moreover, eggs are killed by parasitoid dinoflagellates (Gómez-Gutiérrez et al., 2009) .
About 20 euphausiid species have been recorded in the Oregon-Washington region (Brinton, 1962; ; 13 species are broadcastspawners, of which E. pacifica and T. spinifera are the most abundant. The morphology and embryology of the eggs of E. pacifica have been partially described (Ross, 1981; Suh et al., 1993; Gómez-Gutiérrez, 2002) , while the eggs of T. spinifera and T. inspinata have been only qualitatively described (Gómez-Gutiérrez, 2002; Feinberg et al., in press ). Therefore, it has been difficult to identify the eggs of these species reliably from preserved collections to determine spawning areas and seasons or to estimate their mortality rates.
The present study is part of ongoing studies of egg production, hatching mechanisms, hatching success, parasitism and recruitment of larvae of Euphausia pacifica Hansen, Thysanoessa spinifera Holmes and Thysanoessa inspinata Nemoto in the Oregon upwelling region (Feinberg et al., , 2009 Gómez-Gutiérrez, 2002 , 2003a , 2006 ). Here we describe the biometry and morphology of the eggs of these three broadcast-spawning euphausiid species based on eggs spawned by females during shipboard or land-based incubations. Then the criteria proposed for identifying the eggs of E. pacifica and T. spinifera were used to examine the inshoreoffshore and temporal distributions of the eggs along the Newport Hydrographic line 448 40 0 N in a biweekly time series collected between January 1970 and July 1972). The spatio-temporal distributions of eggs were compared to those of nauplii and gravid females. All of these data together defined the spawning preferences and seasonality of the species in the 1970-1972 sampling period.
There is no simple rule or dichotomous key for identification of euphausiid eggs. However, we provide a comprehensive biometry data set for live and formalin (5%) preserved eggs at each developmental stage and qualitative characteristics that will help with identification of the two most abundant euphausiid species from the Northeast Pacific. Previous efforts to understand the scaling relationship between reproductive investment (brood size and/or fecundity) with female body size have been biased toward euphausiid species from the North Atlantic (Mauchline, 1968 (Mauchline, , 1988 or species of commercial value (Nicol et al., 1995; Ross and Quetin, 2000) . To provide a general perspective about the variability of chorion and EDs and the relationship between female body size and reproductive investment (expressed as egg size) among the Euphausiacea, we have carried out a meta-analysis of the chorion and EDs and the maximum adult total length (MTL) for 38 broadcast and sac-spawning euphausiid species worldwide (Mauchline, 1988; Brinton et al., 2000; Gómez-Gutiérrez et al., 2006) . This meta-analysis highlights the current gaps in knowledge of egg biometry within the order Euphausiacea.
M E T H O D Field collection

Shipboard euphausiid spawning experiments
Sampling was done during eight oceanographic cruises of the GLOBEC, NE Pacific, Long Term Observations Program (L-TOP). Cruises were usually made in April, July and September each year (1999 -2002) and on three GLOBEC "Mesoscale" cruises done aboard the R/V Wecoma and R/V New Horizon along the Oregon coast in July -August 2000 and in June and August 2002 (Gómez-Gutiérrez et al., 2007) (Fig. 1A) . Ripe females of the three species were collected at night using a 1-m diameter, 333 mm mesh net lowered to 10-20-m depth and pulled horizontally for 5 -10 min while the ship was drifting. This gentle collection method minimized damage to the specimens. Females that were ready to spawn (gonad development stage IV) were recognized by a purple band for E. pacifica and a blue -green band for T. spinifera (Summers, 1993; Gómez-Gutiérrez, 2002 , 2003b just under the pericardial area of the cephalothorax. Female T. inspinata with colored ovaries were never observed, even though they spawned in the laboratory. Therefore, observing the brown spermatophore attached to the thelycum was the main selection criterion to detect ripe females of T. inspinata. Ripe females collected on the R/V Wecoma and R/V New Horizon were incubated aboard ship to estimate brood size. Healthy appearing females with colored ovaries were sorted out and placed into 1-L bottles pre-filled with sieved (,200 mm) surface seawater and incubated during approximately 24-48 h at 10 + 0.58C and under continuous darkness. Eggs were preserved with 5% borate-buffered formaldehyde and measured, usually within 2 months after the cruises.
Land-laboratory euphausiid spawning experiments
Additional samples were collected approximately every 2 weeks on cruises aboard the R/V Elakha between May and October 2001 and 2002 at two oceanographic stations (NH20 and NH25) along the Newport hydrographic line (44840 0 N) (Fig. 1B) . The data presented here came from nine of those cruises on which mature females were collected and incubated for 48 h at Hatfield Marine Science Center at 10.58C. During the R/V Elakha cruises, ripe females were collected with a 60 cm diameter Bongo net with 333-mm mesh and a non-filtering cod end. The catches were gently diluted and transferred into 20-L insulated containers filled with in situ surface water and transported within 5 h to the laboratory at Hatfield Marine Science Center (Newport) for determining brood size and observing embryo development. Eggs spawned by each female were counted, and at least 10 live eggs were measured for chorion and EDs at different developmental stages.
Newport hydrographic line survey
Euphausiid abundances (eggs to adults) were estimated by enumerating life cycle stages from zooplankton samples collected approximately biweekly between 1970 and 1972 along the NH-line (Peterson and Miller, 1976) . Up to 12 stations were sampled, located at distances ranging from 2 to 111 km from shore: 2 (station NH1), 6 (station NH3), 9 (NH5), 19 (NH10), 28 (NH15), 37 (NH20), 56 (NH30), 65 (NH35), 74 (NH40), 93 (NH50) and 111 (NH60) km from the coast (Fig. 1B) . Species distribution patterns across the Oregon shelf for nauplius, calyptopis, furcilia, juvenile and adult stages have been published from these zooplankton samples . In the present study, those samples (n ¼ 244) were re-analyzed to identify the euphausiid eggs using the biometry and external appearance described below, but also guided by the abundance of nauplius 1, nauplius 2 and metanauplius (all the larvae pooled together in the distribution map), as well as the abundance of ripe females ready to spawn (stage IV). The results describe the inshore -offshore and temporal distribution patterns of the eggs of each species that can be compared with recent detection of spawning periods of E. pacifica and T. spinifera (Feinberg and Peterson, 2003, Feinberg et al., in press ). The nauplii and metanauplii of each species were identified from the descriptions for E. pacifica (Suh et al., 1993; Gómez-Gutiérrez, 2003a ) and for T. spinifera (Summers, 1993; Gómez-Gutiérrez, 2003a; Feinberg and Peterson, 2003) . Additionally, the adult females from those 1970 -1972 samples were classified by ovarian development stages to determine the abundance along the NH-line of females ready to spawn (stage IV).
Egg biometry and morphology
The embryo is suspended in fluid within the chorion, moving freely and sinking to the bottom side of this shell. Therefore, the perivitelline space (PVS) is not always symmetrical. Thus, the PVS was calculated as:
where CD was the chorion diameter and ED the embryo diameter. Both CD and ED were measured with an ocular micrometer in the eyepiece of a Wild M-5 stereomicroscope using a 50Â objective. Scale units were 0.02 mm, providing precision of ca. 0.01 mm. In some cases PVS was narrower than 0.01 mm and recorded as undetectable. PVS values reported here are typically means for about 10 eggs from a clutch, justifying reporting of the results to three places, that is to 0.001 mm. Pictures of each embryonic development stage for each species were obtained using a digital camera (Olympus 4030, 3.5 Â 10 6 pixels) (Fig. 2) . The average measurements of the eggs of the three species were compared using two-sample t-tests for selected egg developmental stages.
Meta-analysis of the biometry of the eggs of the family Euphausiidae
We took the average chorion and EDs for additional species from several publications and calculated the embryo/chorion ratios. We compared those with the adult maximum total length (MTL) reported for each euphausiid species (Baker et al., 1990) . Euphausiid females are generally larger than the males (Nemoto et al., 1977) ; thus the MTL reflects the maximum size of females in most cases. Brinton et al. (Brinton et al., 2000) summarized the biometry of the eggs of 16 euphausiid species and Mauchline (Mauchline, 1988) measured the egg volume of 25 epipelagic and bathypelagic species, and data for eight of those have not been reported elsewhere. Apparently, Mauchline (Mauchline, 1988) reported ripe oöcyte diameters, rather than those of spawned eggs; thus his measurements might be larger than those for spawned eggs. This assertion is based on our observations that preserved E. pacifica outer oocyte diameters (ovarian stage oc4, average 0.440 mm, range 0.280 -0.600 mm, n ¼ 160) were significantly larger than preserved spawned eggs (average 0.406 mm, range 0.268-0.470 mm, n ¼ 379) (t-test, P ¼ 0.001). Spawned embryos are closer to spherical and the perivitelline space is added at spawning by a process that is likely osmotic (Marschall, 1983) . We estimated the CDs of the eight added species from the oocyte volume reported in Mauchline's Fig. 3 , assuming all are spherical (thus, egg volume ¼ 4/3 pr 3 ). Solving the egg volume equation for the radius, the equation used was:
where r is the radius, V the volume of the egg and p ¼ 3.1416. The diameter was calculated as D ¼ 2r. This updates the catalogue of euphausiid egg biometry to 38 species, including measurements of Euphausia distinguenda eggs from females incubated aboard a ship in the Gulf of California (Gómez-Gutiérrez, personal observation) (Table V) . Since the size of the eggs changes during embryonic development, the measurements used for statistical analyses were mostly from eggs in early stages of embryogeny (SC -MC), as summarized in Table V . Because relatively few studies have been done by incubating euphausiid females in the laboratory to obtain eggs, we also included measurements of eggs collected and identified from preserved zooplankton samples, but using only those studies with high likelihood of correct species identification. For example, Thysanoessa longicaudata accounted for 99.5% of the total euphausiids at Ocean Weather Station "I" in the North Eastern Atlantic (Williams and Lindley, 1982) . Thus, most of the eggs collected in that region were likely spawned by that species. The same is true for Euphausia mucronata eggs collected from the coast of Chile, near Dichato, where this species accounts for .80% of broadcast spawning euphausiid abundance (Ramiro Riquelme, personal communication, Universidad de Concepción, Chile). When a publication reported only the chorion and/or ED range, we used the mid-value between the minimum and maximum diameters. The euphausiids listed in Table V are mostly epipelagic, excepting the bathypelagic Thysanopoda cornuta Illig, Thysanopoda minyops Brinton and Thysanopoda egregia Hansen. Species were classified as neritic (N) or oceanic (O) and as sac-spawning (S) or as broadcast-spawning (B) (Brinton, 1962; Brinton et al., 2000) . We calculated the ratios of average ED to average CD for each species to compare the sizes of the perivitelline spaces. Similar ratios of averages were calculated for CD and MTL to allow interspecies comparison of relative investment in each egg. 
R E S U LT S Morphology and biometry of Oregon euphausiid eggs
A total of 1092 incubated gravid females (cumulative over 1999-2002) , 435 females of E. pacifica, 418 of T. spinifera and 8 of T. inspinata spawned under laboratory conditions in Oregon provided measures of brood size and egg dimensions. The averages and 95% confidence intervals of the chorion and EDs per development stage, and the calculated perivitelline space width (PVS) of these three species are shown in Tables I-III 
Euphausia pacifica
A fertilized egg may be distinguished from an unfertilized one as the former has a clear perivitelline space; thus, the eggs in which we measured very large PVS from observations during incubations were likely dead and/or swollen fertilized eggs. Those dead single-cell embryos (without cleavage) had PVS of 0.028 mm, larger than the PVS of the live single-cell (SC) stage that averaged 0.016 mm PVS (P , 0.0001). The SC stage had an average CD of 0.390 mm and average ED of 0.359 mm (Fig. 2 , Table I ). The chorion is rigid, thick, transparent, smooth and spherical. The diameter of the eggs varied greatly in later developmental stages, but in general the embryo and CDs increased slightly with age (Table I) . Most of the developmental stages had a large perivitelline space (0.10 -0.35 mm). The embryos normally were nearly spherical, even in the twitching stage (TW). When completely developed to nauplius 1 and ready to hatch, the embryo width/ length ratio was 0.94 (n ¼ 72) (Fig. 2) . Newly hatched nauplius 1 have a similar width/length ratio. The mortality of E. pacifica eggs under laboratory conditions was moderate (Table I) , usually associated with deformation of the embryo at the gastrula stage, halted development and swelling. Non-viable eggs for any cause had, in general, diameters similar to those of healthy embryos.
Thysanoessa spinifera
Dead single-cell embryos observed during incubations have a large perivitelline space (0.04 mm) that makes them relatively easy to distinguish from healthy, live single-cell embryos. The SC stage had an average CD of 0.367 mm, ED of 0.362 mm and a barely distinct PVS of 0.002 mm. The chorion is sticky (usually with particles and debris from the environment attached), soft, thin, quite flexible and semitransparent. The uncleaved embryo is not completely spherical (Fig. 2) . The developing eggs of T. spinifera also showed small Table III ). All the stages of healthy eggs have a small perivitelline space (,0.005 mm). The embryo usually has a semi-spherical shape until the late limb-bud stage; however, at the TW stage, the nauplius 1 is elliptical with a width/length ratio of 0.84 (n ¼ 27) (Fig. 2 ). Dead eggs of T. spinifera observed during incubations swell to approximately the size of healthy E. pacifica eggs and are distinctively opaque, with large PVS and an undeveloped embryo (Table II) .
Thysanoessa inspinata
The chorion of this species is spherical, smooth, rigid and transparent. It is not sticky like that of T. spinifera. The SC stage has an average CD of 0.309 mm, an average ED of 0.300 mm and an average PVS of 0.004 mm. The diameters of the chorion and embryo are greater in older developmental stages (Table III ). All developmental stages had a small perivitelline space (0.003-0.012 mm). The embryo usually is nearly spherical, even in the TW stage with mean width/ length ratio of 0.91 (n ¼ 9) for unhatched nauplius 1. The early limb-bud, late limb-bud and TW stages characteristically have thicker first and second antennae than the other two species. The average CD of the swollen dead eggs observed during incubations was 0.344 mm.
Statistical comparison of the biometry of eggs of E. pacifica, T. spinifera and T. inspinata
Comparison of chorion (CD) and EDs between E. pacifica and T. spinifera, both pooling all the developmental stages together and comparing separately for selected egg stages, indicated that on average T. spinifera eggs are significantly smaller (n ¼ 3023) than those of E. pacifica (n ¼ 3157, P , 0.0001) ( Table IV) . The ranges of CD and ED of the species overlap; thus, eggs of E. pacifica may have any size within the T. spinifera range, but the CD of healthy T. spinifera eggs was no greater than 0.400 mm (Fig. 3A-D) . Only dead and swollen T. spinifera eggs observed during incubations were .0.400 mm (Fig. 3C and D). The CD of E. pacifica eggs was always .0.320 mm. Average PVS of E. pacifica eggs was significantly larger than that of T. spinifera for most embryo stages (P , 0.0001), except for the marginally significant difference for the gastrula and the twitching stages (P , 0.059) and the non-significant difference for the dead swollen eggs (P , 0.474). Figure 3A -D shows that there is no association between ED or CD and female total length for either E. pacifica or T. spinifera.
The mean CD and ED of T. inspinata for all the developmental stages pooled together and for selected stages were significantly smaller than the eggs of T. spinifera (n ¼ 87, P , 0.044) ( Fig. 3C and D) . The averages of CD and ED of healthy embryos were significantly different between the two Thysanoessa species; however, the PVS values were not significantly different (P . 0.360) for any development stage, except the blastula; in which it was significantly larger for T. spinifera than for T. inspinata (P , 0.0001) (Tables III and IV) .
Season and spawning areas along the Oregon coast
We re-analyzed zooplankton samples collected systematically every 2 weeks along the Newport Hydrographic line (NH-line, along 44840 0 N from 1.9 km offshore to seaward) between January 1970 and July 1972, measuring chorion and EDs to identify species and detect crossshelf and temporal spawning patterns. During 1970 (samples at NH1-NH10, i.e. from 1 to 10 nautical miles seaward along the NH line) about 57.3% of the E. pacifica eggs (n ¼ 997) and 43.5% of T. spinifera eggs (n ¼ 820) were apparently at SC stage from a total of 97 stations sampled. This would identify the inshore zone as a spawning region for both species and imply high mortality rates for the eggs. However, embryo stage identification was difficult because at re-analysis the samples were about 30 years old. In addition, multiple factors like exact timing of spawning relative to sampling, the rate of cell division as a function of temperature and the fraction of eggs that never divide can influence this high percentage of SC eggs. Euphausia pacifica spawned along almost the entire NH-line throughout the 1970 sampling to 19 km offshore, but highest intensity of reproduction, indicated by high abundance of eggs, was near the coast between early June and November. There were only short spawning events in 1971 and 1972 (Fig. 4A) . The E. pacifica naupliar (,3 days old 108C) and metanaupliar (2 -5 days All the t-test comparisons were significant different excepting for perivitelline space of the gastrula, twitching stages and dead swollen eggs.
JOURNAL OF PLANKTON RESEARCH j VOLUME 32 j NUMBER 6 j PAGES 739-760 j 2010 old, 108C) abundances matched relatively well with egg abundance, although they had relatively broader distributions along the NH-line. The largest naupliar abundances were recorded between stations NH1 and NH15 (Fig. 4B) . A small spawning at the beginning of 1972 was associated with very low naupliar abundance, suggesting high egg mortality rates ( Fig. 4A and B) . Ripe females ready to spawn (gonad stage IV) were abundant between May and August, in 1971 and 1972, at NH20 and NH25, but they were virtually absent in nearshore stations (NH1 -NH10) (Fig. 4C) . There are two possible explanations for the high egg abundance and absence of ripe females nearshore: (i) the eggs may be produced near the shelf-break and then transported inshore by upwelling relaxation events, and/or (ii) the females may be transported inshore at night. Zooplankton collections during 1970-1972 were mostly carried out during daytime, thus it is possible that females avoided capture by the bongo nets; thus the abundance of eggs and females matched only occasionally. Thysanoessa spinifera spawned primarily close to the coast (inside NH-25 at 45 km), except for an offshore spawning event in March 1971 (Fig. 5A) . The T. spinifera nauplii and metanauplii were also mostly distributed inside 45 km from shore (Fig. 5B) . The spawning season was typically between April and September ( Fig. 5A  and B ). Ripe females of T. spinifera were typically recorded at stations nearshore (NH1 -NH30) with sporadic offshore distribution between March and November 1971 (Fig. 5C) .
Adults of Thysanoessa inspinata were distributed and likely spawned in oceanic waters well away from the Oregon coast (.70 km offshore, data are not shown) during summer 1971, 1972 and 2002 , but the species was seldom collected, so we cannot define its spawning patterns.
Meta-analysis of the biometry of the eggs of the family Euphausiidae
The frequency distribution of MTL for 84 broadcast and sac-spawning euphausiid species (Baker et al., 1990) is shown in Fig. 6A and B. The order Euphausiacea includes 59 confirmed broadcast-spawning species with MTL ranging between 9 mm for Euphausia tenera Hansen and 150 mm for Thysanopoda spinicauda Brinton. There is a mode including 24 species between 10 and 19 mm. Most of the broadcast-spawning species (46) reach an MTL between 10 and 40 mm. Five species range between 41 and 65 mm and three bathypelagic species of the genus Thysanopoda are relative giants with MTL between 120 and 150 mm (Fig. 6A) .
All of the 25 sac-spawning species are epipelagic, and they are, on average, smaller than broadcast-spawning species with a mode for 11 species at 15-19 mm and eight species smaller than 15 mm. Only six sacspawning species reach an MTL between 20 and 30 mm (Fig. 6B) . The smallest sac-spawning species are JOURNAL OF PLANKTON RESEARCH j VOLUME 32 j NUMBER 6 j PAGES 739-760 j 2010
Stylocheiron microphthalma Hansen and Stylocheiron suhmi G.O. Sars (both 7 mm), and the largest is Stylocheiron maximum Hansen (30 mm). In two species, it is uncertain whether they are broadcast-or sac-spawning species, Bentheuphausia amblyops (50 mm) and Tessarabrachion oculatum (26 mm). Therefore, they were not included in Fig. 6 .
The meta-analysis of the CD and ED of eggs (mostly SC stage) of 37 euphausiid species (23 broadcast and 14 sac-spawning) is shown in Fig. 6C -H from less than 0.232 mm to more than 2.5 mm. Egg size within a species also varies considerably. The differences are due to the degree of embryonic development, to variation with location and to individual female body condition. However, there is a consistent pattern between spawning strategies: broadcast spawning species have on average significantly greater embryo/chorion ratio than sac-spawning euphausiid species (Student's t ¼ 22.57, P ¼ 0.014). Possibly this is an evolutionary trend allowing sac-spawning species to produce embryos with small PVS to accommodate as many embryos as possible in their ovigerous sacs. The average CD of the broadcast-spawning species increases with MTL. The neritic-epipelagic and bathypelagic species have significant linear associations between CD and MTL (r 2 ¼ 0.41, P ¼ 0.01, n ¼ 11 and r 2 ¼ 0.99, P ¼ 0.001, n ¼ 3, respectively), but there is no significant relationship for the oceanic-epipelagic species (r 2 ¼ 0.001, n ¼ 21) (Fig. 6C) . The CD values of epipelagic, neritic, sac-spawning and broadcast spawning species have overall positive correlations with MTL, but the slopes for the reproductive strategies taken separately were marginally significant (r 2 ¼ 0. 28, P ¼ 0.05, n ¼ 7 and r 2 ¼ 0.0027, P ¼ 0.05, n ¼ 11) (Fig. 6D ).
D I S C U S S I O N Morphology and biometry of euphausiid eggs
The development of the embryos of the three broadcast-spawning species Euphausia pacifica, Thysanoessa spinifera and Thysanoessa inspinata was similar to observations for other euphausiid species (Sars, 1898; Taube, 1909 Taube, , 1915 George and Strömberg, 1985, Alwes and Scholtz, 2004; Gómez-Gutiérrez and Robinson, 2005) , indicating a phylogenetically conservative embryologic pattern. Thysanoessa spinifera and E. pacifica account for more than 90% of euphausiid biomass and abundance off the Oregon coast (Summers, 1993; Tanasichuk, 1998a, b; Gómez-Gutiérrez, 2003b; , thus the major problem is to distinguish the eggs of these two species. On average, the ED, CD and PVS of T. spinifera are significantly smaller than those of E. pacifica, even though the adults of the former species are larger and more robust. In fact, T. spinifera was the species with the smallest chorion/MTL ratio among six neritic, epipelagic, broadcast-spawning species (Table V) . The CDs of the two species overlap, but about 94% of the T. spinifera CDs of healthy eggs were Fig. 6 . Meta-analysis of maximum total length (MTL, mm) frequency distribution for all the (A) broadcast-spawning and (B) sac-spawning euphausiid species (Baker et al., 1990) . Relationship between MTL and average chorion size of (C) broadcast epipelagic and bathypelagic species and (D) sac-spawning epipelagic species. (Mauchline, 1988; Brinton et al., 2000) The chorion sizes of several species, from Rockall Trough, Atlantic Ocean, were measured internal oocytes rather than spawned eggs and they were calculated from the volume reported in Mauchline's (Mauchline, 1988) Fig. 3 and other literature sources which are showed with bold letters. The reproductive strategy (RS) is abbreviated as broadcast spawning species (B) and sac-spawning species (S).
The maximum total length (MTL) per species (Baker et al., 1990; Brinton et al., 2000) . The column method indicate if the eggs were measured from preserved eggs collected directly from the field (PS) or from live eggs obtained from female spawning under laboratory conditions (FI). All the euphausiid species listed here are epipelagic (with vertical distribution usually above 300-400 m depth excepting Thysanopoda cornuta, T. minyops and T. egreria that are bathypelagic). All the species were separated based on their horizontal distribution (HD) as neritic (N) or oceanic (O) species according with reference information (Brinton, 1962; Brinton et al., 2000) .
less than 0.400 mm, while only 37% of the eggs of E. pacifica were small. This means that in shelf waters along the Oregon coast, virtually all of the healthy eggs with CD greater than 0.400 mm are E. pacifica. Eggs with CDs smaller than 0.300 mm would consistently be T. spinifera eggs (Fig. 4B and D) . However, the firmness and stickiness of the chorion were the key features for distinguishing E. pacifica and T. spinifera eggs (Feinberg et al., in press ). With two exceptions, no clutch of eggs from T. inspinata had an average CD larger than 0.360 mm (n ¼ 93 eggs). The PVS of T. spinifera, when present, was narrow compared to that of E. pacifica. The positive correlation between the CD and ED for T. spinifera is greater (r 2 ¼ 0.77) than for E. pacifica (r 2 ¼ 0.40), because the latter has a greater variability in the PVS. Euphausia pacifica also has substantial PVS variability across its range as a whole (Brinton et al., 2000) . Single-cell eggs of E. pacifica collected at some stations near Japan have a very large PVS (0.100 -0.150 mm, averaging 0.120 mm, n ¼ 326) (Suh et al., 1993) . Along the Oregon coast only 2.3% (n ¼ 3891 eggs) of the eggs had PVS between 0.100 and 0.200 mm (mostly swollen and SC stage). Measurements of just-spawned eggs of E. pacifica from Toyama Bay, Japan (Iguchi and Ikeda, 1994, Naoki Iguchi, personal communication) , had an average ED of 0.361 mm, CD of 0.460 mm and PVS of 0.049 mm (N ¼ 24), values more similar to measurements of the SC eggs of females from the Oregon coast.
The eggs of T. spinifera are distinctively sticky when they are alive, which makes them difficult to manipulate in laboratory experiments (Summers, 1993; Gómez-Gutiérrez et al., 2007) and which may cause catch bias as they may attach to the net (Feinberg et al., in press ). They remain in this condition for several weeks after preservation with 5% borate-buffered formaldehyde. After that period, although no longer sticky, they still adhere to each other or have detritus or chain-forming diatoms attached. Some eggs of the copepod Acartia spp. laid in the laboratory also tend to adhere to each other and to the surface of the vessels, more firmly to plastic than glass (Lindley, 1997) . Thus egg chorion adhesion may occur in other planktonic crustaceans. However, other species of the genus Thysanoessa distributed in the North Pacific including T. inspinata (this study), T. longipes (Naoki Iguchi, personal communication, Japan Sea National Fisheries Research Institute), T. inermis, T. longicaudata and T. raschi (Sergey Timofeev, personal communication, Murmansk Marine Biological Institute) do not produce sticky eggs, suggesting it is a unique characteristic for T. spinifera. So far it is unknown whether T. gregaria produces sticky eggs.
Unfertilized eggs are commonly collected in the field, and field-collected females often spawn them in the laboratory. Observations by Sergey Timofeev ( pers. comm.) of euphausiid eggs from preserved zooplankton samples indicate that about 50% were unfertilized, recognized by lack of cleavage or a formless embryo. However, it is also possible in crustaceans for early cleavages to occur without fertilization (Ivanova-Kazas, 1979) . We also detected a high percentage of SC eggs along the NH-line for E. pacifica and T. spinifera in preserved samples. This is surprising because our embryo development times, observed under laboratory conditions, indicate that eggs undergo the first cleavage within the first 2 h at 108C, accounting for only 6% of total post-spawning embryonic development time (Gómez-Gutiérrez, 2002) . Euphausia pacifica females collected in the field and incubated in the laboratory typically produce viable eggs only in the first spawn. In the second and further spawns, the females produce unfertilized eggs that look just like SC fertilized embryos (with a wide perivitelline space) . Thus, there are three possible explanations for the high proportion of SC eggs in the field: (1) preservation makes the embryo darker, making it more difficult to distinguish early development stages, (2) a large proportion of the eggs spawned in nature are actually unfertilized or (3) levels of mortality are such that very large fractions of surviving eggs are newly spawned. The high proportion of SC eggs detected in the field most likely means that mortality and/or spawning without fertilization are common for euphausiids.
Coloration or ornamentation of copepod eggs can be useful for their identification (Belmonte, 1998) . However, living eggs of E. pacifica, T. spinifera, T. inspinata and N. difficilis are colorless, except in the TW stage when the embryos have a posterior red spot before hatching (Gómez-Gutiérrez, 2002) . Similar red coloration has been observed in Thysanoessa raschi (MacDonald, 1928) . Eggs of Euphausia eximia are pale blue when alive but fade before hatching (Knight, 1980) . Bathypelagic Thysanopoda species have orangered eggs even after preservation (Nemoto et al., 1977) . However, color is unlikely to be a practical characteristic for identification, given the difficulty of observing live euphausiid eggs in field samples. We must rely on the biometry of chorion and embryo and on a few other features such as chorion resilience and stickiness. Chemical preservation (like 5% formalin or ethanol) may cause a potential bias in measurements of embryo and CDs. We compared biometry of T. spinifera preserved (5% formalin samples from Mesoscale and L-TOP cruises) with live (Newport hydrographic lines cruises) eggs, detecting that the live eggs were significantly larger than preserved eggs with an average diameter decrease of 3.4% (Mann -Whitney, P , 0.0001). All stages of eggs of E. superba measured alive (Quetin and Ross, 1984) are larger than eggs measured preserved with 5% formalin (Fraser, 1936; Kikuno, 1981; Ikeda, 1986) . However, our measurements of E. pacifica eggs were inconclusive because diameters of live embryos were significantly smaller than embryos measured after 5% formalin preservation (MannWhitney, P , 0.0001) and the CDs were not significantly different between preserved and live eggs (Mann -Whitney, P , 0.11). We tentatively assumed that this preservation effect is smaller than natural variability, having negligible effect in the biometry. However, this must be specifically tested in a future study.
Euphausiid spawning areas along the Oregon coast
Most previous studies reporting the seasonality of spawning in E. pacifica and T. spinifera inferred spawning from female ovary maturity, from abundance of eggs (not identified to species) or from back calculation using abundance of identifiable early larval stages, most frequently calyptopis and furcilia larvae (Nemoto, 1957; Ponomareva, 1963; Smiles and Pearcy, 1971; Brinton, 1976; Heath, 1977; Bollens et al., 1992; Iguchi and Ikeda, 1993; Summers, 1993; Tanasichuk, 1998a, b; Feinberg and Peterson, 2003; . There are disadvantages to inferring egg abundance from oöcyte counts, because females spawn repeatedly and grow new oöcytes throughout the reproductive season, and because female euphausiids can reabsorb their gonads (Gómez-Gutiérrez et al., in press ). However, experimental incubations to estimate brood size also may have bias because females may spawn 2-3 batches per gonadal cycle; thus observations missing one or more spawns may result in underestimating total fecundity (Ross and Quetin, 1982, 1983; Cuzin-Roudy, 2000) . When nauplii and metanauplii are collected and identified to species, back calculation from larval abundance should be effective to infer when spawning most likely happens (Feinberg and Peterson, 2003; ; however, an attempt using furcilia involved greater uncertainties (Smiles and Pearcy, 1971) .
In a recent study in Oregon coastal waters, female and naupliar abundances were compared to determine the duration of the spawning season of E. pacifica and T. spinifera along the NH-line (44.68N) during 1996 -2001 (Feinberg and Peterson, 2003 . However, they were only able to assign a given spawning event (deduced by abundance of eggs not identified to species) to one of the two species when there was clear dominance of its nauplii. They observed that 1996 and 1997 were characterized by one large, late-summer peak in egg abundance at their inshore station (NH5), similarly to 1971 -1972 evaluated in the present study. The El Niño year 1998 followed this pattern for NH15, but eggs were nearly absent at NH5. Starting in 1999, they observed multiple peaks in egg density and the spawning season extended from spring through early fall. This spawning pattern also was detected nearshore in 1970.
A bi-weekly time series recently collected along the Newport Hydrographic line, has delimited the T. spinifera spawning phenology by identifying their eggs ( preserved in 5% buffered formaldehyde) using qualitative external appearance (shape of the embryo and particles attached to the embryo), not biometry (Feinberg et al., in press ). Species spawning seasons and spawning areas along the Oregon coast detected in this observational field study were similar to those deduced from collections of mature females that spawned under shipboard conditions . In these three studies, it was evident that both dominant euphausiids spawn most copiously close to the Oregon coast, but in water deeper than 50 m. Euphausia pacifica apparently spawns farther offshore than T. spinifera, coinciding with the inshore -offshore distributional patterns known for the adult populations of these species (Tanasichuk, 1998a, b; . Feinberg and Peterson (Feinberg and Peterson, 2003) proposed that the presence of eggs on any given day at inner shelf locations is controlled by shoreward transport of adult euphausiids from deep shelf-break waters that eventually upwell over the inner shelf. In the 1971 -1972 study, it was confirmed that ripe females of T. spinifera were collected mostly inshore of NH30 (,56 km), and that E. pacifica were collected mostly at stations offshore of NH15 (.28 km offshore), while the eggs are usually more abundant at nearshore stations (NH1 -NH10) (2 -19 km).
The average sinking rate of eggs of T. spinifera is 94 m day 21 (95% CI 23-165 m day 21 ) and of E. pacifica eggs is 128 m day 21 (95% CI 95-161 m day 21 ) (Gómez-Gutiérrez, unpublished data). Since the embryo hatching time is 35 h at 108C (Gómez-Gutiérrez, 2002), they have a high probability of reaching the seafloor. Thus, the production of sticky eggs of T. spinifera may be an adaptation to attach to surfaces once they reach the seafloor to avoid transport to more unfavorable offshore conditions. However, this hypothesis should be corroborated with appropriate sampling near the seafloor. Average egg sinking rates were significantly higher ( 190 m day 21 ) when groups of two to four eggs of T. spinifera were stuck together, increasing the odds of reaching the continental shelf floor (Gómez-Gutiérrez, unpublished data). Lindley (Lindley, 1997) proposed an opposite hypothesis, reasoning that neritic species should have larger PVS than oceanic species to increase egg buoyancy, keeping species from settling to the sea floor. However, on the Oregon coast, the PVS of all the developmental stages of E. pacifica, and species that commonly spawn both near shore and offshore was significantly larger than that of the more strictly neritic T. spinifera. Measurements of egg sinking rates for E. pacifica and T. spinifera also do not support Lindley's hypothesis. The average PVS of E. pacifica also was significantly larger than that of T. inspinata, a completely oceanic euphausiid, and the PVS sizes of T. spinifera and T. inspinata were not significantly different, both being 0.005 mm. The meta-analysis for 16 broadcast epipelagic species with known embryo and CDs (to calculate PVS) did not show significant evidence that neritic species had larger PVS than oceanic species (mean Student's t ¼ 0.548, P ¼ 0.588). However, Lindley's hypothesis may be valid for some other euphausiid species. For example, Euphausia crystallorophias, which is an Antarctic neritic species, has a large PVS in neutrally buoyant eggs, unlike Euphausia superba, which has a relatively smaller PVS and sinks rapidly ( Table V) . The neutral buoyancy of the eggs of E. crystallorophias is not thought to result from high lipid content, but rather is due to the presence of a large perivitelline space (Harrington and Thomas, 1987; Nicol et al., 2004) .
Interannual and geographical differences in embryo size and perivitelline space have implications for the energy reserves available for the non-feeding larval stages and may impact their survival (Ross and Quetin, 2000) . Embryo and CDs are quite variable among species and even between broods from different females of the same species. Euphausia pacifica embryos were larger at the shelf-break, where euphausiids are more abundant and females presumably find more favorable feeding and reproductive conditions (Gómez-Gutiérrez et al., 2007) . This inshore -offshore trend complicates the identification of eggs from preserved samples based solely on the embryo and CDs. Timofeev and Sklyar (Timofeev and Sklyar, 2001) investigated the geographical size variability of the chorion, embryo and PVS of T. raschi in the Barents Sea. They found that the CD was similar through most of the reproductive area, but reached extremely large values at the limits of the distributional range where environmental conditions were mostly unfavorable. They proposed that this could be connected with a protective function, as the PVS is larger in harsher conditions. Our observations indicate that sickness or failed development can also increase PVS. In general, PVS width decreased as the embryo developed. At the TW stage, the PVS is usually absent in the three species we studied. From the TW stage on, both the embryo and CDs increase until hatching.
Meta-analysis of the biometry of the eggs of the family Euphausiidae Thyssanoessa spinifera was the neritic broadcast-spawning species with the smallest chorion/MTL ratio; it produces very small eggs in proportion to its adult size . This is connected to our estimates of the proportions of carbon invested in egg production, which are substantially smaller than measured for E. pacifica (Gómez-Gutiérrez et al., 2007) . Euphausia pacifica eggs also have a relatively small CD (0.378 mm) in comparison with other epipelagic, oceanic, broadcast-spawning species (average 0.541 mm). We observed that eggs of T. spinifera in SC stage vary from CD ¼ 0.260 to 0.450 mm, representing a very large female-to-female and regional variability. This represents about 23% of the total average chorion range of all epipelagic euphausiids (0.232 -1.050 mm). In the case of E. pacifica, the CD variability of the SC stage represents nearly 21% (0.300 -0.475 mm) of total variability for all epipelagic euphausiids. While average chorion and embryo sizes can be used to understand the relative regional investment of each species in reproduction, the CD and ED diameters per se are not good taxonomic characteristics for identifying euphausiid eggs. An identification key for euphausiid eggs cannot be based solely on their biometry. It is necessary to know from live and preserved eggs the external chorion characteristics, biometry of the embryo and just hatched larvae, and perhaps developmental times that distinguish sibling species.
From Table V , we identify three general trends: (i) smaller epipelagic species tend to have relatively larger eggs than larger species. (ii) The egg size of bathypelagic species increases as MTL increases, sustaining a constant CD/(female MTL) ratio. The very large eggs of deep-sea Thysanopoda, giants of the group, may be an adaptation to the deep-sea environment where food is scarce (Brinton, 1953; Nemoto et al., 1977) . (iii) No bathypelagic euphausiid has a sac-spawning reproductive strategy. Sac-spawning species of euphausiids are mostly epipelagic and have a minute PVS throughout embryonic development. That could be an adaptation to accommodate as many eggs as possible within the sac and to keep the embryo close to the chorion for efficient oxygen diffusion (Gómez-Gutiérrez and Robinson, 2005) . Most of the sac-spawning species produce fewer than 200 eggs per spawn, with some exceptions like Nematoscelis species that produce up to 405 eggs (Nemoto et al., 1972) . Broadcast spawning species, in contrast, produce from hundreds to thousands of eggs (Ross and Quetin, 2000; Nicol et al., 2004; Feinberg et al., 2007 , Gómez-Gutiérrez et al., 2007 . The maximum brood size observed for E. pacifica was 800 eggs, that for T. spinifera was 859 eggs .
Finally, we can highlight the gaps in measurements and current knowledge of egg biometry within the Order Euphausiacea. The euphausiid species for which eggs have not been collected, measured or identified to species level are: Bentheuphausia amblyops G.O. Sars, Tessarabrachion oculatum Hansen, 2 of 3 species of Nematobrachion, 14 of 27 species of Euphausia, 4 of 7 species of Nematoscelis, 8 of 13 species of Stylocheiron, 4 of 10 species of Thysanoessa and 10 of 14 species of Thysanopoda. There are few species of euphausiid for which brood size has been measured by laboratory spawning followed by determination of the interbrood period to estimate reproductive rate. These data are particularly lacking for sac-spawners and for most of the tropical broadcast-spawning species, except for the genus Nyctiphanes (Gómez-Gutiérrez et al. in press). If we want to identify the spawning areas and early mortality rates of specific species, we must learn to identify their eggs to species level, perhaps with the aid of genetic methods.
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